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Marc Pagano, Ernest Kouassi , Robert Arfi, Marc Bouvy  and Lucien Saint-Jean (2004) In situ spawning
rate of the calanoid copepod Acartia clausi in a tropical lagoon (Ebrié, Côte d
?
Ivoire): diel variations and effects
of environmental factors.  Zoological Studies 43(2): 244-254.  Diel changes in the spawning rate of Acartia
clausi were studied during several 24 h time series performed between 1993 and 1997 at several sites in Ebrié
Lagoon (Côte d
?
Ivoire) at which the morphology and hydrological structures differed.  The daily egg production
rate ranged from 8 to 60 eggs female-1 d-1 (5% to 45% of body carbon) and varied according to stations and
periods.  A correlation analysis, performed with the present results, revealed no significant effect of either envi-
ronmental factors (salinity, temperature, and chlorophyll a biomass) or individual weight of females.  However,
the roles of salinity and food abundance (chlorophyll a) appeared when grouping the present data (1993-1997)
with results from the same sites obtained previously (1981-1982) by Saint-Jean and Pagano (1984).  This
grouping showed the importance of inter-annual variations as compared to seasonal variations.  The rhythm of
egg laying was characterized by a night maximum which occurred earlier in the estuarine zone (22:00-01:00)
than in the western oligohaline zone (04:00-06:00).  These peaks of egg laying always occurred after the peak
of gut fluorescence which was consistently observed at the beginning of the night (data from Kouassi et al.
2001).  Our data suggest that the 2 rhythms are relatively independent, with different shifts between ingestion
and spawning peaks being more or less fortuitous and resulting from regional variabilities in diel spawning
rhythms.  The modulations of these rhythms represent various adaptive responses to the environmental con-
straints (limited trophic levels in the estuarine zone and lower salinities in the western zone).  Differences in
behavior in the 2 studied zones and the confined situation of the western zone led to the hypothesis of a physi-
ological and/or genetic differentiation of the populations.  http://www.sinica.edu.tw/zool/zoolstud/43.2/244.pdf
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Studying variations of spawning rates of
calanoid copepods is necessary to analyze their
dynamics in natural environments.  Egg production
represents most of the production of the adult
stages and drives the recruitment of the popula-
tion.  Most studies of spawning have been made
on temperate and high-latitude areas where sea-
sonal variation is very strong and closely linked to
temperature and food availability; yet the associa-
tion between spawning events and phytoplankton
concentrations has not always been clearly
demonstrated (Mauchline 1998).  In tropical
waters, seasonal variations are weak and some-
times have lower amplitudes than variations at
higher (diel) or lower (interannual) frequencies.
Diel rhythms of egg laying have been reported for
several calanoids including Acartia species
(Stearns et al. 1989, Checkley et al. 1992,
Cervetto et al. 1993) which spawn mostly at night,
whereas other species, such as Acartia grani
(Rodriguez et al. 1995), produce eggs continuous-
ly.  Only a few studies (e.g., Cervetto et al. 1993)
have examined the association of these spawning
rhythms with diel vertical migration (DVM) and diel
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feeding rhythms (DFRs) which are major control
mechanisms for zooplankton communities and
which drive adaptive strategies for species
(Pourriot and Meybeck 1995).  They could be par-
ticularly important in shallow waters, where migrat-
ing copepods can become almost benthic during
the day.  There, nocturnal spawning when females
are in the upper, well-oxygenated waters could be
more advantageous for egg and naupliar develop-
ment than daytime spawning in poorly oxygenated
and detritus-rich waters close to the bottom.  The
negative impact of anoxia on the viability of subita-
neous eggs of calanoid copepods as well as the
impact of the benthic-pelagic coupling on their life
cycle has been evidenced in shallow coastal
aquatic systems (Marcus and Lutz 1994, Marcus
and Boero 1998).  
The calanoid copepod Acartia clausi (referred
to as A. clausi gaboonensis by Rahm 1955) is the
main zooplankton component in the Ebrié Lagoon
where it represents 41% to 69% of the zooplank-
ton biomass (Pagano and Saint-Jean 1994a).  In
preceding studies performed in 1980-1983, we
observed classical DVM patterns by this species
(Saint-Jean and Pagano 1990) and atypical DFRs,
with a diurnal maximum closely related to the
chlorophyll peak (Pagano and Saint-Jean 1985).
We also showed a diel rhythm of egg laying with
nocturnal maxima and hypothesized that it could
be closely linked to the DFRs (Saint-Jean and
Pagano 1983).  However, it was difficult to deter-
mine the degree of association between these dif-
ferent rhythms because, in most cases, they were
not studied simultaneously.  For this reason, in the
period 1993-1997, we completed those previous
observations by simultaneously studying DVM,
DFR, and spawning rhythms of A. clausi at sta-
tions located in different areas of the lagoon, in
order to examine the association between these
patterns and the incidence of adaptive capacities
of this species.  The 1st results (Kouassi et al.
2001) showed no relationship between DFR and
DVM, because both patterns occurred when food
was vertically homogeneous or vertically stratified.
Results also suggested a shift in DFRs between
1981-1982 and 1992-1997 in the estuarine area of
the lagoon, in relation to an intensification of
eutrophication. 
In this study, we focused on the in situ spawn-
ing rate of A. clausi in order to analyze its relation-
ships with environmental factors and to examine
its diel variations and its associations with DVM
and DFRs. 
MATERIALS AND METHODS
Study site
The Ebrié Lagoon is a brackish lagoon situat-
ed in the south of Côte d
,
Ivoire (5?N, 5?W), alongthe Gulf of Guinea shoreline (Pagano and Saint-
Jean 1994a).  The lagoon is a elongated shallow
basin (with an area of 536 km2, a length of 130 km,
and a mean depth of 4.8 m) which communicates
with the Atlantic Ocean through the Vridi Canal
near Abidjan, located in the eastern part of the
lagoon (Fig. 1).  The main freshwater inputs come
from the Comoé River, located in the eastern
extremity, and from the Agnéby River, in the cen-
tral part of the lagoon.  These inputs are very high
during the rainy season (June-July) and during the
maximum river outflow (Oct.-Nov.).  This configura-
tion has led to the differentiation of 2 main ecologi-
cal areas: the western area which is oligohaline
(salinity permanently < 6 ppt), with stable hydro-
logical conditions; and the central-eastern area,
estuarine, alternatively influenced by marine and
freshwater inputs, with salinities showing large
spatial and temporal variations (0 < salinity < 30
ppt). 
The data of the present study were collected
during several 24 h time series performed between
1993 and 1997 which were primarily devoted to
the study of vertical migrations and feeding
rhythms of A. clausi and P. hessei (Kouassi et al.
2001).  Four stations were studied (Fig. 1): 2 were
located in the western oligohaline area (Mopoyem
with a depth of 4.5 m, and Layo with a depth of 1.8
m), and 2 others were located in the estuarine part
of the lagoon (Boulay with a depth of 7 m, and
Bingerville with a depth of 5 m).
Fig. 1. Map of Ebrié Lagoon (Côte d
?
Ivoire) and location of the
4 studied sites.
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Environmental data 
Temperature, salinity, and dissolved oxygen
were determined twice daily (12:00 and 23:00) on
vertical profiles using an YSI conductimeter and a
YSI oxygen probe.  Water samples were collected
every 3 h in the upper strata (0-4 m at Mopoyem,
Bingerville, and Boulay, and 0-1 m at Layo) using
PVC tubes (3.4 cm in diameter, 400 cm and 100
cm long, respectively) immersed vertically.
Chlorophyll a concentration (cells retained on
Whatman GF/F filters) was determined by fluo-
rimetry after methanol extraction (Yentsch and
Menzel 1963).  Particulate organic carbon was
detected using a CHN analyzer from samples
(duplicates) retained on pre-combusted GF/F fil-
ters.
Spawning experiments
Copepods were collected at the beginning of
each 24 h period with vertical hauls using a 200-
µm-mesh WP2 net.  Immediately after collection,
sets of 5-6 females were made up and introduced
into small containers containing approximately 50
ml of lagoon water filtered through 60-µm filters.
These containers were hermetically sealed, placed
in a small cage, and immersed (from the deck) at 1
m depth in order to maintain the animals under
conditions close to their natural environment.
These sets were then examined every 3 h.  During
these examinations, females collected on a 200-
µm mesh were quickly counted and placed in a
second container containing new 60-µm-filtered
water.  The original water containing eggs was col-
lected in a 60-ml flask and fixed with buffered
formaldehyde at a 5% final concentration, and the
eggs were counted later in the laboratory under a
dissecting microscope.  Eggs and females were
measured using an ocular micrometer.  The dry
weight of the eggs was estimated from their vol-
ume assuming a density of 1 and a dry weight: wet
weight ratio equal to 0.2 (Mauchline 1998).  The
individual weights of adult females were calculated
using length-dry weight relationships from Saint-
Jean and Pagano (1987).  Dry weights were con-
verted into carbon weights using an average car-
bon: dry weight ratio of 45% (Pagano and Saint-
Jean 1993).  
The egg production rate (P = number of eggs
produced per female per hour) corresponding to
each time interval, was estimated from the relation:
P = NE / (NF x ∆t);
where ∆t is the time interval (h) separating 2 exam-
inations, NE is the number of eggs laid during this
interval, and NF is the average number of females
between 2 examinations.  The individual daily egg
production rate was calculated by integrating these
hourly rates over a 24 h period.  The specific daily
egg production rate (Pw), expressed in carbon
units, was then estimated according to the individ-
ual weights of eggs and females.  
These rates were also compared to ingestion
rates calculated from in situ gut fluorescence (G)
values measured during the same 24 h series
(Kouassi et al. 2001) and assuming temperature-
dependant gut-evacuation rates derived from the
equation of Dam and Peterson (1988) as modified
by Mauchline (1998).  These rates were converted
into carbon ingestion rates using the average nat-
ural sestonic C: Chla ratios measured in the upper
strata, where experimental water was collected.
Statistical treatment
The simple Pearson correlation coefficient
and stepwise regression analyses (forward model)
were used to test the effects of environmental
(temperature, salinity, and chlorophyll a) and
endogenous (individual weight of females) factors
on individual or weight-specific spawning rates.
While weight-specific rates and individual weights
are not statistically independent, the relationship
between these 2 variables was calculated to illus-
trate the effect of correcting for mass on the pre-
dictor variable.  Two-way analysis of variance
(general linear model, without interaction) was per-
formed to test the effects of time of day and series
(or stations) on the spawning rates of A. clausi.  All
calculations were performed after adequate trans-
formation (logarithmic) of the data in order for the
data to tend towards normal distributions. 
RESULTS
Environmental conditions
During the survey, the Layo and Mopoyem
stations consistently showed low salinities (< 10
ppt) and non-stratif ied waters, except for a
decrease in oxygen concentration detected near
the bottom at Mopoyem (Fig. 2).  The estuarine
sites were characterized by higher average salini-
ties (13~28 ppt) and a stratified water column with
an eventual halocline and oxycline (Table 1, Fig.
2).  At Boulay, stratification was less obvious dur-
Pagano et al. -- In situ spawning rate of Acartia clausi 247
ing the 1st series performed at the end of the dry
season (27 May 1997) than during the 2nd and 3rd
series conducted at the beginning of the rainy sea-
son (3 June 1997) and during the flood period (8
Oct. 1997), respectively.
Mean daily chlorophyll a biomass varied from
7 to 31 µg L-1, the lowest values being reported at
Boulay and the highest ones at Layo (Table 1).
The carbon: chlorophyll a ratio ranged from 130 to
249, with the highest values being found at Layo
and the lowest ones at Mopoyem.
Spawning rates
The daily rates of egg production varied
between 10 and 60 eggs female-1 day-1, which rep-
resented 5% to 45% of the body weight (Table 2).
Variations of egg laying in relation to the main
environmental (temperature, salinity, and chloro-
phyll a concentration) and endogenous (weight of
females) factors were studied using correlation
and stepwise linear regression analyses.  In these
analyses, we considered 2 data sets: those corre-
sponding to our study (1993-1997; n = 14) and
those corresponding to data from Saint-Jean and
Pagano (1984) obtained in 1981-1982 at 3 stations
common to both studies (Mopoyem, Bingerville,
and Boulay) and at 2 other stations (Tiégba, locat-
ed in the western zone and Biétri in the urban pol-
luted area of the estuarine zone) (n = 33).  The
Fig. 2. Vertical profiles of temperature (T), dissolved oxygen (O2), and salinity (S) at the 4 studied sites.
de
pt
h 
(m
)
de
pt
h 
(m
)
de
pt
h 
(m
)
de
pt
h 
(m
)
Oxygen (mg l-1)
O2
O2
O2
O2
Salinity
Temperature (?C)
0
1
2
0 1 2 3 4 5 6 7 8 9 10
25
3230282624
20151050
Temperature (?C)
Temperature (?C) Temperature (?C)
Salinity Salinity
Salinity
Layo 20/10/97
Bingerville 2/5/96
Mopoyem 23/10/97
Boulay 8/10/97
Oxygen (mg l-1)
Oxygen (mg l-1) Oxygen (mg l-1)
0
1
2
3
4
5
0 1 2 3 4 5 6 7 8 9 10
25
3230282624
20151050
0
1
2
3
4
5
0 1 2 3 4 5 6 7 8 9 10
25
3230282624
20151050
0
2
4
6
8
0 1 2 3 4 5 6 7 8 9 10
25
3230282624
20151050
Zoological Studies 43(2): 224-254 (2004)248
Table 2. Acartia clausi spawning experiments: individual weight of females (Wi),
average individual (Pi) or specific (Pw) spawning rates.  Comparison with the specific
rates of ingestion estimated from in situ gut fluorescence (Iw), and estimates of the
gross production efficiency (K1 = Pw/Iw). NE, number of eggs; F, female
Station Wi Pi Pw Iw
* K1
Date (µg C F-1) (NE F-1 d-1) (µg C µg C-1 d-1) (µg C µg C-1 d-1) (%)
Layo
12 Jan. 93 2.57 23.2 ±   1.1 0.16 1.07 15.2
22 Mar. 93 2.57 32.8 ± 10.3 0.23 1.88 12.2
24 Apr.  96 1.80 18.4 ±   5.7 0.18 3.00 4.3
20 Oct.  97 2.76 42.7 ±   7.6 0.28 1.66 18.0
Mopoyem
08 Mar. 94 1.33 15.6 ±   3.4 0.21 1.48 14.2
10 Mar. 94 1.33 13.7 ±   5.9 0.19 1.29 14.4
16 Mar. 95 1.47 34.5 ±   4.4 0.42 0.83 56.6
17 Mar. 95 1.47 25.2 ±   6.8 0.31 1.13 30.1
22 Apr.  96 1.63 33.4 ±   3.3 0.37 1.00 45.3
22 Oct.  97 1.48 24.8 ±   4.3 0.30 0.86 38.9
Bingerville
02 May  96 2.40 60.3 ±   5.5 0.45 1.22 37.2
Boulay
27 May  97 3.28 10.0 ±   2.3 0.05 0.37 12.9
03 June 97 3.28 53.9 ± 13.0 0.30 1.10 23.3
08 Oct.  97 4.20 55.7 ± 14.4 0.24 0.71 37.3
*Calculated from data of Kouassi et al. (2001).
Table 1. Average daily values of temperature (T), salinity (S), chlorophyll a
(Chla), and the carbon: chlorophyll a ratio (C: Chla) measured in the upper strata
of the water column during the 24 h series at the 4 studied sites.  Values are the
mean ± standard deviation (n = 9)
Station Date T (?C) S (ppt) Chla (µg L-1) C: Chla
(µg: µg)
Layo 12 Jan. 93 25.8 6.8 8.7 ± 2.9 207 ± 50
22 Mar. 93 30.8 9.9 30.5 ± 6.9 248 ± 56
24 Apr.  96 31.0 4.0 28.2 ± 9.4 249 ± 80
20 Oct. 97 27.7 2.6 7.8 ± 4.6 223 ± 79
Mopoyem 08 Mar. 94 30.9 6.1 7.9 ± 0.8 142 ± 14
10 Mar. 94 29.5 6.5 9.6 ± 1.1 135 ± 15
16 Mar. 95 29.0 6.8 11.4 ± 1.0 133 ± 12
17 Mar. 95 28.4 6.9 10.2 ± 2.0 130 ± 26
22 Apr.  96 31.2 4.6 12.3 ± 1.1 143 ± 13
22 Oct.  97 28.5 2.8 13.8 ± 5.6 131 ± 34
Boulay 27 May  97 28.6 27.9 8.0 ± 3.0 204 ± 56
03 June 97 26.8 17.5 20.5 ± 7.8 192 ± 54
08 Oct.  97 28.1 12.6 6.7 ± 2.2 201 ± 34
Bingerville 02 May  96 31.5 13.6 14.5 ± 2.5 184 ± 25
Pagano et al. -- In situ spawning rate of Acartia clausi 249
correlation analysis showed no significant correla-
tion for our study period, but for 1981-1982 and for
the entire data set, positive correlations were
found between egg production (by individuals or
body weight) and chlorophyll a concentrations
(Table 3).  In addition, individual spawning rates
were positively correlated with salinities and indi-
vidual weights, with these 2 variables being corre-
lated to each other.  The multiple regression analy-
sis did not show a satisfactory model with the data
of 1993-1997 (Table 4).  For the data of 1981-1982
and for the entire data, the analysis selected only 1
factor (chlorophyll a) to explain the specific spawn-
ing rate and 2 factors (chlorophyll a and individual
weight) to explain individual spawning rates.  The
plots of egg production rate versus chlorophyll a
concentration, despite showing strong variability,
suggest saturation above 12-15 µg L-1 (Fig. 3).
A comparison of specific spawning rates (Pw)
to specific ingestion rates (Iw) calculated from in
situ gut fluorescence shows that in all cases, egg
production was largely covered by ingestion (Table
2).  The gross production efficiency (K1) varied
between 4% and 57%.  There was no significant
relationship between specific ingestion rates and
spawning rates (r = -0,14; p = 0,62; n = 14), but K1
was positively correlated with Pw (r = 0.81; p <
0.010) and negatively correlated with Iw (r = -0.60;
p = 0.024), showing that the production efficiency
decreases when ingestion increases.
Diel variations
Diel variations in egg laying were character-
ized by nighttime maxima (Fig. 4).  These maxima
were generally reached later at Mopoyem (04:00-
06:00) than at the estuarine stations (22:00-01:00).
In the same way, the amplitude of variation
seemed greater at Mopoyem than at the estuarine
stations.  These patterns were very reproducible at
each station, whatever the study period.  The pat-
tern observed at Layo seemed to be intermediate
with maxima between 01:00 and 04:00 and with
amplitudes of variation sometimes low as in the
estuarine stations and sometimes strong as in the
western stations.
Analysis of variance (ANOVA) confirmed that
these diel variations in egg laying were significant
at each studied station and when considering the 4
stations together (Table 5).
DISCUSSION
Daily rates of egg production and relationships
to environmental conditions 
The rates of egg laying observed during this
study are within the range of literature values for A.
clausi and several congeners (Mauchline 1998).
The production of females seems to be ensured by
food acquisition, with gross production efficiencies
(K1) ranging from 4% to 57% with an average of
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Fig. 3. Plots of specific egg production rates (Pw) versus
chlorophyll a (Chla) measured in this study (1993-1997, open
dots) and previously (1980-1982, black dots, data from Saint-
Jean and Pagano 1984).
Table 3. Simple correlation coefficients between
the individual (Pi) and specific (Pw), spawning
rates of Acartia clausi and the average individual
weight of females (Wi), temperature (T), salinity
(S), and chlorophyll a concentration (Chla).
Calculations done after adequate transformation
(logarithmic) of the data so that it tended towards
normal distributions.  Non-significant correlation
(ns), or significant at *p < 0.05, **p < 0.01, and
***p < 0.001
Log (Wi) T Log (S+1) Log (Chla)
1993-1997 (present study)    n = 14
Pi 0.391 ns -0.083 ns 0.258 ns 0.073 ns
Pw -0.250 ns 0.261 ns -0.157 ns 0.015 ns
1981-1982 (data from  Saint-Jean and Pagano 1984)   n = 33
Pi 0.489 ** 0.196 ns 0.441 ** 0.600 ***
Pw 0.136 ns 0.188 ns 0.169 ns 0.561 ***
1993-1997 +1981-1982    n = 47
Pi 0.460 *** 0.160 ns 0.437 ** 0.555 ***
Pw 0.001 ns 0.244 ns 0.173 ns 0.549 ***
26% for carbon.  These values are higher than val-
ues measured by Pagano and Saint-Jean (1994b)
for adult females of A. clausi (15% for C) but they
are of the same order of magnitude as those esti-
mated by Le Borgne and Dufour (1979) for > 200-
µm A. clausi from the estuarine zone of the
lagoon: 43% for nitrogen and 25% for phosphorus.
In addition, these K1 values are generally in the
range of values reported for calanoid species
(Mauchline 1998).
Spawning rates observed during this study
(10 to 60 eggs female-1 d-1) are higher than values
noted in the same areas of the lagoon in the period
1981-1982 by Pagano and Saint-Jean (1994a): 2
to 25 eggs female-1 d-1.  This difference was partic-
ularly accentuated in the estuarine area where cur-
rent rates are 2.5 times higher than the previous
data at Bingerville and up to 30 times higher at
Boulay.  The lower values observed in the western
stations in 1981-1982 were probably related to a
strong decrease in salinities (close to 0 ppt) and
the consecutive development of Microcystis aerug-
inosa blooms which induced mortality within  A.
clausi assemblages (Pagano and Saint-Jean
1994a).  The strong increase in egg production in
the estuarine zone may be related to an intensifi-
cation of eutrophication between the 2 periods,
which also involved a shift in diel feeding patterns
of A. clausi (Kouassi et al. 2001).  A positive corre-
lation between egg production and chlorophyll a
concentrations was observed in 1981-1982, when
the nutritive conditions were limiting in the estuar-
ine zone, but not in 1993-1997, by which time this
zone had become more eutrophic.  The significant
relationship with chlorophyll a concentrations
obtained when considering the entire data, shows
increased egg production until around 12-15 µg L-1
and saturation above this concentration.  In previ-
ous studies, we have reported food saturation for
A. clausi ingestion in Ebrié Lagoon, under either
natural or experimental conditions (Pagano and
Saint-Jean 1994b, Kouassi et al. 2001).
Furthermore, saturation occurred at food thresh-
olds close to the threshold reported in this study.
These results confirm that despite the high trophic
state of the Ebrié lagoon, A. clausi can be food-
limited.  Values are also in agreement with those of
several authors who noted an increase in egg pro-
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Table 4. Multiple regression models for the rela-
tionships between individual (Pi) and specific (Pw)
spawning rates of Acartia clausi and the explana-
tory variables selected by the analysis among the
average individual weight of the females (Wi), tem-
perature (T), salinity (S), and chlorophyll a con-
centration (Chla). Values of the regression coeffi-
cients (± standard deviation) were significant at p
< 0.05 (except for 1993-1997: p < 0.09).  R2 =
coefficient of determination
Intercept Log (Wi) Log (Chla) R2(%)
1993-1997 (present study)    n = 14
Pi 15.1 ± 8.5 22.3 ± 10.3 - 22.1
Pw 0.38 ± 0.06 -0.14 ± 0.07 - 15.9
1981-1982 (data from Saint-Jean and Pagano 1984) n = 33
Pi -29.8 ± 9.2 20.9 ± 6.4 16.5 ± 3.8 49.7
Pw -0.03 ± 0.05 - 0.08 ± 0.02 31.4
1993-1997 +1981-1982    n = 47
Pi -27.5 ± 8.4 21.3 ± 5.4 16.0 ± 3.3 46.7
Pw -0.03 ± 0.05 0.09 ± 0.02 30.1
Table 5. Two-way analysis of variance (general
linear model, without interaction) to test the effects
of time of day and series (or stations) on the
spawning rates of Acartia clausi (log-transformed
data).  For Bingerville (1 series, 7 time periods, 4
replicates), we used a one-way ANOVA. df,
degrees of freedom; MS, mean square
Source of variation df MS F p
Layo
Time of day 7 0.0647 14.9 < 0.001
Series 3 0.0724 16.6 < 0.001
Residual 21 0.0044 
Mopoyem
Time of day 7 0.1970 22.5 < 0.001
Series 5 0.0353 4.0 0.005 
Residual 35 0.0087
Boulay
Time of day 7 0.0281 2.5 0.069 
Series 2 0.3170 28.2 < 0.001
Residual 14 0.0112 
Bingerville
Time of day 7 0.0677 7.6 < 0.001
Residual 24 0.0061 
All stations
Time of day 7 0.1380 6.9 < 0.001
Station 3 0.2330 11.7 < 0.001
Time x Station 21 0.0178 0.9 0.591 
Residual 80 0.0198 
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duction according to food availability (Kiorboe et al.
1985, Dam et al. 1994, Ara 2001).  However the
regression models obtained in our work poorly
explained the observed variability (R2 < 50%).
Several studies cited by Mauchline (1998) show
that the quality of ingested food can influence egg
production.  This qualitative factor often explains
the absence of correlations between spawning
rates and chlorophyll concentrations (Diaz Zaballa
and Gaudy 1996).  Several studies have shown
the importance of food quality on fertility within the
Acartia genus (Dam et al. 1994, Jonasdottir 1994,
Pagano and Saint Jean 1994b, Jonasdottir et al.
1995, Jonasdottir and Kiorboe 1996).  Many exam-
ples in this cited literature highlight the complexity
of the food quality concept within the nutritional
pool.  The current data, based on measures of
chlorophyll a or particulate carbon, thus poorly
evaluated the quality of food available for cope-
pods.  However, the nutritional pool in the Ebrié
lagoon is diverse, even when considering algae
only.  The phytoplanktonic flora contains 5 major
classes (Maurer 1978) whose spatial distributions
vary according to seasons (Iltis 1984).  In particu-
lar, species of diatoms, whose inhibiting action on
fertility has been demonstrated for A. clausi
(Jonasdottir 1994, Ianora et al. 1996), represent
90% of the phytoplankton biomass in the estuarine
area and 40% in the western area during the
humid season.  In the west, the phytoplankton
community is more stable and less diversified than
in the estuarine area.  Thus, one of the key ques-
tions to understanding variations in A. clausi egg
production rates would be to determine the nature
and the food value of particles in 2 such different
zones.
The role of salinity on individual egg produc-
tion is more difficult to define because of strong
relationships between this factor and individual
weights of females.  The relationships found
between egg laying and salinity or individual
weight show that, in general, the largest females,
i.e., those living in saltier water, lay more eggs
than the smallest females from oligohaline water.
Ara (2001) also observed increased egg produc-
tion of A. lijjeborgi with increasing salinity, and
explained it by the salinity preference of the
species.  In our study, the significant effects of
salinity on fecundity and on individual weights
argue for physiological differentiation between
western (small and low-productive females) and
estuarine (large and highly productive females)
populations of A. clausi in Ebrié Lagoon.
Diel spawning rhythms
Our results highlight a very clear diel variation
in the spawning rate of A. clausi.  This rate is mini-
mal in the afternoon (13:00-18:00) and maximal
through the course of the night.  In the western
zone, the maximum occurs later (04:00-06:00)
than in the estuarine zone (22:00-01:00), with an
intermediate situation observed at Layo (maximum
between 01:00 and 04:00).  These results are in
conformity with those of Saint-Jean and Pagano
(1983), who also observed diel rhythmicity in egg
laying of A. clausi with maxima occurring slightly
later in the western than in the estuarine area.
Thus both the former and the current observations
evidence a shift in diel spawning rhythms between
the western and the estuarine populations of this
species.  In addition, in both studies, the diel pat-
terns observed in each area were very stable
regardless of the season.  
Comparable diel variations in egg laying rates
have been described for some other species of
calanoid copepods, all characterized by night max-
ima (Stearns et al. 1989, Checkley et al. 1992,
White and Roman 1992, Cervetto et al. 1993).
Only a few examples of diurnal maxima have been
reported (Marshall and Orr 1955 for Calanus fin-
marchicus).  As pointed out by Stearns et al.
(1989), variations in diel spawning may be a com-
mon phenomenon for copepods which broadcast
their eggs freely, but such rhythms have been also
reported for egg-carrying copepods (Gophen 1978
for the cyclopid Mesocyclops leuckarti).  In addi-
tion, a few species have no diel spawning rhythm,
such as Acartia grani which produces eggs contin-
uously (Rodriguez et al. 1995). 
The causative mechanism of diel spawning
rhythms is still being debated.  Two main hypothe-
ses have been advanced.  The 1st argues that
these rhythms are independent endogenous
rhythms, while the 2nd states that they are closely
associated with diel feeding rhythms.  The work by
Tester and Turner (1990), who estimated the time
of conversion of food ingested into eggs, con-
tributes useful elements to this discussion, without
however making it possible to draw conclusions.  A
time lag of about 10 h between maxima of gut fluo-
rescence and spawning rates observed in the
lagoon by Saint-Jean and Pagano (1983) is com-
patible with the conversion time of 9.5 h mentioned
by these authors for A. tonsa, suggesting a direct
effect of feeding rhythms on spawning variations.
Stearns et al. (1989) observed a much shorter shift
(2-4 h) between peaks of gut fluorescence and egg
laying in A. tonsa, as well as a highly positive cor-
relation between spawning rates and gut fluores-
cence measured 24 to 27 h previous.  They
hypothesized that there was a delayed effect of
feeding on egg laying.  Cervetto et al. (1993) put
forth a similar hypothesis for the same species
with a slightly longer delay (30 h), corresponding to
a 6-h shift between peaks of gut fluorescence and
spawning.
In our study, comparisons of relative varia-
tions in spawning rates and gut fluorescence (Fig.
4) show that the shift between maxima was longer
at Mopoyem (8 to 11 h) than at the estuarine sta-
tions (2 to 5 h) and was intermediate at Layo (5 to
8 h).  In addition, this shift showed a negative rela-
tionship with salinity (Spearman rank coefficient,
Rs = -0.60; p = 0.022) and individual weight of
females (Rs = -0.78; p = 0.001) suggesting a
regional difference between the western and estu-
arine populations.  This means that, surprisingly,
the largest females inhabiting the estuarine zone
would have the shortest conversion time of food
into eggs.  In addition if, to take into account their
larger size, we consider that estuarine females
have a delayed effect of ingestion on their spawn-
ing, as advanced by Stearns et al. (1989), we
obtain a conversion time (26-29 h), 3 times higher
in this area than in the western zone, which
appears unrealistic within the same species.  In
addition, the ingestion-spawning shifts correlated
neither with daily rates of ingestion (Rs = 0.48, p =
0.08) and spawning (Rs = 0.42, p = 0.13) nor with
the trophic (chlorophyll a, Rs = 0.15, p = 0.60) and
temperature (Rs = 0.21, p = 0.46) conditions.
Then, our data, although not allowing us to com-
pletely reject the hypothesis of a relationship
between feeding and spawning rhythms, tend to
show that these rhythms are relatively indepen-
dent.  The maximum ingestion always occurred at
the beginning of the night, and the shift in inges-
tion-spawning was more or less fortuitous and
would more likely have resulted from regional vari-
ability in diel spawning rhythms than from variabili-
ty in the conversion time of food into eggs. 
One hypothesis to explain this regional varia-
tion would be that in the oligohaline area, where
the sinking velocity of eggs is enhanced by a lower
water density, a strong egg production at the end
of the night, when copepods are still in the higher
part of the water column, is advantageous
because it offers a greater probability for eggs to
hatch in the full water column.  Eggs spawned at
the end of the night, would not have time to com-
pletely sink to the bottom before the return of tur-
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Fig. 4. Diel variations of the mean (± SD) relative hourly
spawning rates (i.e., the rate at time t: maximal rate over the 24
h period) at the different stations.  For Mopoyem, Layo, and
Boulay, the means were calculated with all measurements on
all dates indicated in Tables 1 and 2.  For Bingerville (only 1
date), the mean was calculated with the 4 replicates of the
spawning experiment.  Dashed lines represent average diel
variations in gut fluorescence measured by Kouassi et al.
(2001).
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bulent wind movements.  Indeed, since the sinking
velocity of Acartia eggs ranges from 0.5 to 1.3 m h-1
(Uye 1980, Miller and Marcus 1994), the eggs
spawned between 04:00 and 06:00 in the upper
layer at stations of 4 m depth, would reach the bot-
tom between 07:00 and 13:00 in the absence of
turbulence.  The return of the wind occurs around
09:00-10:00 (Arfi et al. 1994), and taking into
account the brevity of the embryonic development
(about 6 h, Pagano and Saint-Jean 1983), it is
probable that under such conditions, most eggs
would have time to hatch before reaching the bot-
tom, providing a greater survival probability in the
offspring.  In the estuarine area, horizontal water
movements linked to tides and higher water densi-
ties tend to slow the sinking velocity of eggs, so
that an earlier spawning peak is less unfavorable.
The tendency towards a regional shift in diel
spawning rhythms as well as regional differences
in the daily spawning rates suggest that there are
2 populations which physiologically and/or geneti-
cally differ: 1 located in the estuarine zone, and the
other in the western oligohaline area, with a mixing
of  these populations in intermediate areas.
However, further investigations (e.g., genetic
analysis, transfer experiments to assess the
response of individuals in?foreign waters?) will be
necessary to test this hypothesis.  
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